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Solid-state technologies depend crucially on charge 
carrier scattering and dynamics. Charge carriers are 
scattered by quasiparticles and excitations in materials 
(e.g. phonons, defects, photons, electrons, holes, etc.)  
Introduction
Acknowledgments
Interpolation of the e-ph coupling with atomic orbitals (AOs)
Example: electron-phonon scattering
Performance and Example Calculations
e-ph coupling coefficient Asymmetry in the excited 
carrier dynamics in GaN
PERTURBO is a robust platform to study these 
electron scattering processes using first-principles 
calculations and many-body perturbation theory. 
PERTURBO fills a void in the software ecosystem to 
design advanced materials, and will foster scientific 
and technological innovation.
PERTURBO combines new computational methods 
developed in our group. The code implementation 
adopts modern programming practices (HDF5, 
version control, MPI/OpenMP) and will  be distributed 
under the standard open GPL license.
Code implementation
The electron-phonon (e-ph) coupling matrix element g:
Fortran (MPI + OpenMP) parallelization tests
Scales up to ~10,000 cores
�
��
���
���
���
� � �� �� �� �� ��
�
��
��
��
�
��
��
�
� ���� � � � � � � �
��� ���� ��������
Much faster than the only  
other e-ph code (EPW)
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gqs↵,mnk+q,k = h mk+q|@s↵q V (r)| nki
@s↵q V (r) =
X
Rp
eiq·Rp@Rp,s↵V (r)
DFPT: Perturbation                 due 
to a phonon with wavevector q
@s↵q V (r)
DFT: electron wavefuncs.                 
from first principles
mk+q, nk
An interpolation scheme is needed to evaluate g(k,q) 
on ultrafine k and q grids
Rotate potential  
Compute for all q-points (Sq) in 
the coarse grid 
DFT 
For all k-points in 
coarse grid
AO basis 
MappingRotate wfcs 
Bloch wfcs Atomic orbitals
3. Electron-phonon coupling on the fine grid (kf, qf) 
Rotate D Diagonalize D
1. Compute/store data from first-principles calculations
2. Electron-phonon integrals 
Electron mobility in GaAs
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FIG. 3. (Color online) Mode resolved e-ph scattering rates.
(a) Total scattering rate, shown along with the contributions
from the longitudinal modes alone. (b) Contributions from
the transverse modes. (c) Comparison of ab initio RTs in-
cluding the PP scattering (red curve), as computed in this
work, with previous calculations in Ref. 7 that neglect PP
scattering (black curve).
obtained in previous work [7] that did not include PP
scattering as it focused on hot carriers with high energy
above the CBM. For energies above EX , we find that the
change in the RTs due to PP scattering is rather small,
consistent with the fact that large-q scattering dominates
in this energy range. PP scattering is thus almost neg-
ligible in hot carrier dynamics, and the conclusion that
carriers excited above EX in GaAs thermalize chiefly by
emitting acoustic phonons [7] is still valid when PP scat-
tering is included. However, Fig. 3(c) also clearly shows
that for electronic states with energy lower than EL, the
inclusion of PP scattering makes a dramatic di↵erence in
the RTs. PP scattering additionally leads to a strong k-
dependence of the RTs for energies between EL and EX .
These e↵ects are crucial to accurately compute electron
mobility and transport.
Next, we discuss the phonon-limited mobility in GaAs,
shown in Fig. 4(a) for temperatures between 200 500 K.
Our computed mobilities are in excellent agreement with
experiment between 250 450 K. For example, our room
temperature result is ⇠8,900 cm2/Vs, versus experimen-
tal values of 8,200 8,900 cm2/Vs [33, 34]. Converging
the electron mobility is highly non-trivial. Eq. 3 requires
BZ integration on very fine k-point grids, a task achieved
here using the tetrahedron method. This approach allows
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FIG. 4. (Color online) (a) Electron mobilities close to
room temperature. The experimental values are taken from
Refs. 32–34, and compared with our computed ab initio mo-
bilities (red line). (b) Convergence of the ab initio mobility at
300 K with respect to the fine k grids used for the tetrahedron
integration in Eq. 3. The blue, green, purple and red curves
are computed using fine grids 803, 1503, 3203, 6003 k points
in the BZ, respectively.
us to converge the conductivity with high accuracy. To
investigate the convergence of our mobility calculations,
we plot the integrand in Eq. 2, ( @f/@E) ·⌃↵↵(E, T ), at
T = 300 K; this function is proportional to the TDF, and
is employed to visualize the contributions to the conduc-
tivity from electronic states at di↵erent energies. The
integrand calculated using four di↵erent choices of the
k-point grids, together with the corresponding mobili-
ties, is shown in Fig. 4(b). The main contribution to
the mobility originates from electronic states in a small
energy window (at room temperature, ⇠0.05 eV) above
the CBM, where scattering is dominated by LO phonon
absorption. Extremely fine grids are necessary to sample
this small BZ region and capture the rapid chang s of the
RTs near the CBM. Fig. 4(b) shows that convergence of
the mobilities is achieved only for extremely fine grids
with more than 6003 k points. Even fine grids with 1503
k points lead to large errors in the mobility calculation.
While previous theoretical work [32, 33, 35] using empir-
ical models concluded that iterative methods beyond the
RT approximation are necessary to obtain mobilities in
agreement with experiment, our results demonstrate that
using ab initio temperature- and state-dependent RTs,
and converging the RTs and mobilities with extremely
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FIG. 3. (Color online) Mode resolved e-ph scattering rates.
(a) Total scattering rate, shown along with the contributions
from the longitudinal modes alone. (b) Contributions from
the transverse modes. (c) Comparison of ab initio RTs in-
cluding the PP scattering (red curve), as computed in this
work, with previous calculations in Ref. 7 that neglect PP
scattering (black curve).
obtained in previous work [7] that did not include PP
scattering as it focused on hot carriers with high energy
above the CBM For energies abov EX , we find that the
change in the RTs due to PP scattering is rather small,
con istent with the fact that large-q scattering dominates
in this energy range. PP scattering is thus almost neg-
ligible in hot carrier dynamics, and the conclusion that
carriers excited above EX in GaAs thermalize chiefly by
emitting acous ic phonons [7] is still valid when PP scat-
tering is included. However, Fig. 3(c) also clearly shows
that for electronic states with energy lower than EL, the
inclusion of PP scattering makes a dramatic di↵erence in
the RTs. PP scattering additionally leads to a strong k-
dependence of the RTs for energies between EL and EX .
These e↵ects are crucial to accurately compute electron
mobility and transport.
Next, we discuss the phonon-limited mobility in GaAs,
shown in Fig. 4(a) for temperatures between 200 500 K.
Our computed mobilities are in excellent agreement with
experiment between 250 450 K. For example, our room
temperature result is ⇠8,900 cm2/Vs, versus experimen-
tal values of 8,200 8,900 cm2/Vs [33, 34]. Converging
the electron mobility is highly non-trivial. Eq. 3 requires
BZ integration on very fine k-point grids, a task achieved
here using the tetrahedron method. This approach allows
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FIG. 4. (Color online) (a) Electron mobilities close to
room temperature. The experimental values are taken from
Refs. 32–34, and compared with our computed ab initio mo-
bilities (red line). (b) Convergence of the ab initio mobility at
300 K with respect to the fine k grids used for the tetrahedron
integration in Eq. 3. The blue, green, purple and red curves
are computed using fi e grids 803, 1503, 3203, 6003 k points
in the BZ, respectively.
us to converge the conductivity with high accuracy. To
investigate the convergence of our mobility calculations,
we plot the integrand in Eq. 2, ( @f/@E) ·⌃↵↵(E, T ), at
T = 300 K; this function is proportional to the TDF, and
is employed to visualize the contributions to the conduc-
tivity from electronic states at di↵erent energies. The
integrand calculated using four di↵erent choices of the
k-point grids, together with the corresponding mobili-
ties, is shown in Fig. 4(b). The main contribution to
the mobility originates from electronic states in a small
energy window (at room temperature, ⇠0.05 eV) above
the CBM, where scattering is dominated by LO phonon
absorption. Extremely fine grids are necessary to sample
this small BZ region and capture the rapid changes of the
RTs near the CBM. Fig. 4(b) shows that convergence of
the mobilities is achieved only for extremely fine grids
with more than 6003 k points. Even fine grids with 1503
k points lead to large errors in the mobility calculation.
While previous theoretical work [32, 33, 35] using empir-
ical models concluded that iterative methods beyond the
RT approximation are necessary to obtain mobilities in
agreement with experiment, our results demonstrate that
using ab initio temperature- and state-dependent RTs,
and converging the RTs and mobilities with extremely
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an important missing link between ab initio microscopic
and device-scale models. For example, the electrical con-
ductivity   and charge mobility µ can be computed from
first principles within the linearized BTE for alism [2,82]:
 ↵  = e
2
X
nk
⌧nk(vnk)↵(vnk)  ( @f/@E) (45)
where (vnk)↵ is the ↵-th component of the band velocity
for the Bloch state |nki, obtained from DFT or GW band-
structures, ⌧nk are carrier RTs, and f(T ) is the tempera-
ture dependent Fermi-Dirac distribution. The mobility µ
can be obtained from the conductivity using µ =  /(ec),
where c is the carrier concentration and   the direction-
averaged conductivity. By varying the chemical potential,
both the electron and hole mobilities can be computed.
In state-of-the-art calculations,   in eq. 45 is evaluated
by interpolating the bandstructure to obtain the band ve-
locities on fine BZ grids, and computing the RTs for scat-
tering with phonons. This pproach yields the phonon-
limited conductivity, which constitutes an upper limit for
the conductivity in relatively pure crystalline materials
at room temperature. Scattering with defects, both elas-
tic [83] and inelastic [84], is important in many cases of
practical relevance and has also been computed ab initio,
though work in this area is still in its nascent stage.
The BoltzWann [82] and BoltzTrap [85] codes imple-
ment conductivity and mobility calculations, and can in-
t rpolate the bandstructure with maximally localizedWan-
nier functions [43] and Fourier interpolation, respectively.
The state-dependent RTs in eq. 45 are often approximated
as a constant or a slowly varying function of energy within
the energy window of relevance for transport (a few kBT
around the Fermi energy). When the constant RT is used
as a fitting parameter or extracted from experiment, the
calculation should be considered semi-empirical rather than
ab initio. First-princi les calculations of the RTs we re-
cently developed [33–35, 37] reveal a non-trivial depen-
dence of the RTs on band and k-point (see Fig. 2a), which
is not captured by the constant RT approximation and im-
proves the agreement of the computed conductivity with
experiment [37]. For example, we recently employed first-
principles calculations with state-dependent RTs to com-
pute the room temperature resistivity of the three noble
metals Cu, A , and Au, and obtained agreement within
5% of experiment [37]. This work further showed that the
e-ph relaxation times vary significantly on the Fermi sur-
face (e.g., by up to a factor of 3 in Cu, as shown in Fig. 2a),
contrary t the conventional wisd m that constant RTs
are a good approxima ion i metals. The RTs were f und
to correlate with the Fermi surface topology and the or-
bital character of the electronic states [37]. In semicon-
ductors with multiple conduction band valleys, the use of
state-dependent RTs is crucial, as shown by our recent
conductivity calculations in GaAs at 250 500 K, which
achieve excellent agreement with experiment [86]. Due to
computational cost, transport calculations with ab initio
state-dependent RTs have so far focused on materials wi h
simple unit cells; research e↵orts to compute RTs and
transport in larger system are underway.
For organic materials and correlated oxides, first-principles
calculations of carrier mobility are still very challenging.
The narrow width of the electronic bands induces strong e-
ph coupling in these materials. The charge carriers become
localized and strongly coupled with the lattice, forming so-
called polarons. Transport in organic materials and cor-
related oxides is typically described as a hopping process
of localized polarons, leading to a peculiar temperature
dependence of the mobility. Boltzmann transport theory
(e.g., eq. 45) cannot be applied to compute the conduc-
tivity due to the localized nature of the carriers, and the
e-ph interaction cannot be treated perturbatively. Novel
approaches to treat polarons are being investigated, and
ab initio transport calculations in organic semiconductors
and correlated oxides are a rapidly growing field.
The carrier di↵usion length, namely the distance carri-
ers travel before recombining, is one of the most important
parameters in applications. It is crucial, for example, to
design e cient photovoltaic [87] and photoelectrochem-
ical active layers. The di↵usion length can in principle
be obtained from first principles by calculating both the
carrier mobility and the recombination lifetimes due to
radiative [88] and non-radiative [84] processes. However,
such di↵usion length calcul tions are still nearly absent
in the literature, mainly d e t the challenge of selecting
which recombination mechanisms to include among many
possible options. Computing and validating carrier recom-
bination lifetimes remains an open challenge in the field.
Auger processes are perhaps one of the most widely
studied recombination mechanisms from first principles,
especially in simple elemental and III V semiconductors
[52,58,59,61]. Two areas of recent focus are Auger recom-
bination in GaN and related compounds employed in light-
ing [58, 59, 61] and Auger scattering in ionic crystals for
scintillators [89]. Despite the exciting progress, Auger pro-
cesses are still complex to co pute quantitatively; since
they can be mediated by the Coulomb interaction alone or
be phonon or defect assisted, the interactions to include
in these calculations are challenging to establish a priori.
In addition, measuring Auger rates experimentally is di -
cult, and validation of the calculations is still non-trivial.
The thermal conductivity of solids due to both elec-
trons and phonons, a central quantity in heat transport,
can be computed from first principles using the ph-ph and
ph-el RTs given a ove. We touch on this topic only very
briefly. Solving the phonon BTE within the RTA provides
the lattice thermal conductivity tensor  [3]:
↵  =
h¯2
NVuckBT 2
X
⌫q
(v⌫q)↵(v⌫q)  !
2
⌫qN⌫q(N⌫q + 1)⌧⌫q
(46)
where the phonon velocities v⌫q and the RTs can be com-
puted from first principles. For cas s in which both the
ph-ph and ph-e interactions are important, the respective
RTs are combined using Matthiessen’s rule [2], i.e., the
scattering rates for the di↵erent processes are summed to
obtain the total scattering rate.
I thermal tr nspo t, th ph-p scattering processes
are typically divided into normal (N) and Umklapp (U);
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